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CATADIOPTRIC PROJECTION SYSTEMS 

FIELD OF THE INVENTION 

This invention pertains to catadioptric projection systems 
suitable for use with ultraviolet light sources and applicable to 
steppers and microlithography systems for the manufacture of 
semiconductors and liquid crystal display panels. 

BACKGROUND OF THE INVENTION 

Semiconductor device geometries continue to grow smaller. 
Because the manufacture of semiconductor devices requires the 
transfer of high-resolution circuit patterns be transferred to 
semiconductor wafers, the microlithography systems that project 
these circuit patterns onto semiconductor wafers must form high- 
resolution images. 

The resolution of microlithography systems has been 
improved in several ways. For example, high-resolution 
microlithography systems use ultraviolet light instead of visible 
light and have high numerical aperture optical systems. 

VaTiouTtypeTo f fiigrPrHorufiorft^ticin 
have been considered for high-resolutiorymicrolithography 
systems. Purely refractive projection systems are inadequate al 
ultraviolet wavelengths. For wavelengths below 300 nm, only a 
few optical materials are transmissive and refractive optical 
elements generally must be made^pf either synthetic fused quartz 
or. fluorite. Unfortunately, combining optical elements of 
synthetic fused quartz and fluorite is ineffective in eliminating 
chromatic aberration because the Abbe numbers of synthetic 
quartz and fluorite are/not sufficiently different. Therefore, 
refractive optical systems for wavelengths less than about 300nm 
suffe r from unacceptable levels of chromatic aberration. 

Fluorite itself suffers from several disadvantages. The 
refractive index of fluorite changes relatively rapidly with 
temperature and fluorite polishes poorly. Therefore, most 
ultraviolet optical systems do not use fluorite, and thus exhibit 
uncorrected chromatic aberration. 

Purely reflective projection systems avoid these difficulties, 
but a reflective projection system typically requires a large 
diameter mirror; frequently, the mirror must be aspheric. 
Because the manufacture of precision aspheric surfaces is 
extremely difficult, a reflective projection system using an 
aspheric mirror is prohibitively expensive. 

Catadioptric projection systems have also been used. A 
catadioptric projection system is a projection system that uses 
both reflective elements (mirrors) and refractive elements 
(lenses). Many catadioptric projection systems for 
microlithography systems form at least one intermediate image 
within the optical system. Examples include the catadioptric 
projection systems of Japanese laid-open patent documents 5- 
25 1 70 ( 1 993), 63- 1 633 1 9 ( 1 988), and 4-234722 ( 1 992), and U.S. 
Pat. No. 4,779,966. 

Japanese laid-open patent document 4-234722 (1992) and 
U.S. Pat. No. 4,779,966 describe catadioptric projection systems 
comprising a concave mirror and double-pass lens groups having 
negative power. In these systems, an incident light beam 
propagates through the double-pass lens group in a first 
direction, strikes the concave mirror, and then propagates as a 
reflected light beam through the double-pass lens group in a 
second direction opposite to the first direction. In these prior-art 
systems, the double-pass lens groups have negative power. For 
this reason, light incident to the concave mirror is divergent and 
the diameter of the concave mirror must be large. 



The double-pass optical system of Japanese laid-open patent 
document 4-234722 (1992) is symmetric; aberrations in this 
optical system are extremely low, simplifying aberration 
correction in the subsequent refractive optical system. However, 
because it is symmetric, the optical system has a short working 
distance. In addition, because it is difficult with this system 
to separate the incident light beam and the reflected light beam, 
a beamsplitter is required. The preferable location for the 
beamsplitter in such a projection system is near the concave 
mirror. Consequently, the beamsplitter is large, heavy, and 
expensive. 

The optical system of U.S. Pat. No. 4,779,966 comprises a 
concave mirror in a second imaging system. In this system, 
diverging light enters the concave mirror and the concave mirror 
must have a large diameter. 

"Optically stems comprising more tharyefhe mirror can 
use fewer lenses than a purely refractive ojrtical system, but other 
problems arise. In order to increase^resolution and depth of 
focus, phase-shift masks are frequently used. In order to 
effectively use a phase-shift mask/ihe ratio a of the numerical 
aperture of the irradiation optical system and the numerical 
aperture of the projection sy stern should be variable. While * 
an adjustable aperture is easily located in the irradiation optical 
system, a catadioptric projection system usually has no suitable 
location for a corresponding aperture, adjustable or not. 

In a catadioptric p&jection system in which a double-pass 
lens group is placed within a demagnifying portion of the optical 
system, the demagnification reduces the distance between 
the reflecting elements and the semiconductor wafer. This limits 
the number of lens elements that can be inserted in the optical 
path, and thus limits the numerical aperture of the projection 
system and the total optical power available to expose the wafer. 
Even if a high numerical aperture is possible, the working 
distance (i.e., the distance between the wafer and the most 
imagewise surface of the optical system) is short. 

Prior-art catadioptric projection systems have optical ele- 
ments arranged along more than one axis, using prisms or 
mirrors to fold the optical pathway. The alignment of optical 
elements in a system with more than one axis is expensive and 
difficult, especially when high resolution is required. Prior-art 
catadioptric projection systems are also difficult to miniaturize 
while simultaneously maintaining image quality. In addition, in 
a miniaturized prior-art catadioptric projection system, the beam- 
separation mirror that separates the incident light beam from the 
reflected light beam is likely to obstruct one of these beams. 

Increasing the magnification of the intermediate image and 
moving the beam-separation mirror away from the optical axis 
have been considered as solutions to this problem. However, 
changing the magnification of the intermediate image requires 
changes to the remainder of the optical system to maintain an 
appropriate magnification on the wafer. This causes loss of 
image quality. 

Moving the beam-separation mirror away from the optical 
axis without changing the magnification of the intermediate 
image can be accomplished by using light beams propagating 
farther off-axis and increasing the diameter of the projection 
system. Both of these changes are undesirable, leading to a 
larger, heavier projection system with less resolution. 

Some prior-art catadioptric projection systems are used in 
full-field exposure systems in which patterns from an entire 
reticle are projected onto the wafer in a single exposure. 
Examples include the catadioptric projection systems of 



Japanese laid-open patent documents 2-66510 (1990), 
3-282527 (1991), and 5-72478 (1993), and U.S. Pat No. 
5,089,913. These systems have a beamsplitter (or a partially 
reflecting mirror) placed near a concave mirror. The beamsplitter 
directs light to the concave mirror and to the wafer. Because the 
light is divergent near the concave mirror, the beamsplitter must 
be large. Large beamsplitters made of prisms are expensive and 
difficult to manufacture; plate-type beamsplitters are difficult to 
keep precisely planar. Large prisms have other disadvantages, 
including their weight and to the difficulty of obtaining suitable 
raw material for their manufacture. A large beamsplitter tends to 
degrade image quality because of non-uniform reflectance, phase 
change, and absorption. For ultraviolet projection systems, a 
prism beamsplitter tends to have low transmittance. 

In view of the foregoing, improved catadioptric projection 
systems for microlithography systems are needed. 

SUMMARY OF THE INVENTION 

This invention provides catadioptric projection systems that 
are readily miniaturized while maintaining image quality. A 
catadioptric projection system according to this invention 
comprises a first imaging system and a second imaging system. 
The first imaging system comprises a single-pass lens group and 
a double-pass lens group including a concave mirror. Light from 
an illuminated region of the reticle returns through the single- 
pass lens group and then enters the double-pass lens group. Light 
propagates through the double-pass lens group in a first 
direction, strikes the concave mirror, and then returns through 
the double-pass lens group in a second direction opposite the first 
direction. A turning mirror is provided between the single-pass 
lens group and the double-pass lens group. In some 
embodiments of the invention, the turning mirror directs the light 
from the first imaging system (after reflection by the concave 
mirror and back through the double-pass lens group) to the 
second imaging system. In alternative embodiments of the 
invention, the turning mirror directs light exiting the singlepass 
lens group to the double-pass lens group. The first imaging 
system forms an intermediate image of the illuminated region of 
the reticle near the turning mirror; the second imaging system re- 
images the intermediate image and forms an image of the 
illuminated region of the reticle on a substrate, typically a 
semiconductor wafer. 

In such catadioptric projection systems, the diameter of the 
concave mirror can be kept small, the ratio of the imaging- 
optical -system numerical aperture and the illumination-optical- 
system numerical aperture q can be variable, and an appropriate 
location is available for an aperture if phase-shift masks are used. 
In addition, such catadioptric projection systems have high 
numerical apertures and hence provide sufficient irradiation to 
the wafer as well as conveniently long working distances. 

The second imaging system comprises a first lens group 
and a second lens group. 

The single-pass lens group comprises, in order starting at 
the reticle, a first negative subgroup, a positive subgroup, and 
a second negative subgroup. Single-pass optical groups with this 
configuration are compact, produce high-resolution images, and 
permit separation of incident and reflected light beams. The 
magnification of the first imaging system can be selected as 
appropriate while still maintaining excellent optical performance. 
Thus, the magnification of the intermediate image can be varied. 
Preferably, either the first imaging system or the second imaging 
system demagnifies the reticle. Obtaining a demagniflcation 
using the first imaging system simplifies the second imaging 
system. 



The first negative subgroup preferably comprises a lens with 
a concave surface facing the reticle. The second negative 
subgroup preferably comprises a lens element with a concave 
surface facing the double-pass lens group. 

In one example embodiment, the first imaging system 
further comprises another turning mirror that receives light 
transmitted by the single-pass lens group and directs the light 
along an axis of the double-pass lens group. This embodiment 
permits the reticle and the wafer to be on substantially the same 
optical axis. 

In another example embodiment, the second imaging system 
comprises further comprises a turning mirror placed between 
the first lens group and the second lens group. This turning 
mirror receives light from the first lens group and directs the 
light along an axis of the second lens group. This embodiment 
permits the reticle and wafer to be in parallel planes. 

Embodiments of the invention in which the reticle and 
wafer are in parallel planes or are along the same axis simplify 
wafer exposure in scanning systems. It will be readily apparent 
that the invention includes other arrangements of turning 
mirrors. 

The foregoing and other objects, features, and advantages of 
the invention will become more apparent from the following 
detailed description which proceeds with reference to the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a general schematic representation of an optical 
system according to the invention. 

FIG. 2 shows a catadioptric projection system according to 
a first example embodiment of the invention. 

FIG. 3 is a detailed drawing of the first example embodi- 
ment of FIG. 2 with the catadioptric projection system unfolded 
for simplicity. 

FIG. 4 contains graphs of transverse aberrations of the 
optical system of the first example embodiment at various image 
heights. 

FIG. 5 shows a catadioptric projection system according 
to a second example embodiment of the invention. 

FIG. 6 shows a catadioptric projection system according to 
a third example embodiment of the invention. 

FIG. 7 is a general schematic representation of a prior-art 
optical system. 

DETAILED DESCRIPTION 

For purposes of describing the invention, a "lens element" 
is a single lens (i.e., a single piece of "glass"); a lens "group" 
or "subgroup" comprises one or more lens elements. A positive 
lens, lens group, or subgroup has a positive focal length; a 
negative lens, lens group, or subgroup has a negative focal 
length. An "optical axis" is a straight line through centers of 
curvature of surfaces of optical elements. As will be apparent, 
an optical system can have more than one optical axis. Distances 
from an off-axis point to an optical axis are measured along 
a line through the point and perpendicular to the optical axis. 

In order to describe the invention, a representation of a 
prior-art optical system is first described with reference to FIG. 
7. A ray 102 from a location on a reticle R a distance d from 
an optical axis 100 is incident on a lens group A,. The lens 
group A„ comprises, in order from the reticle R and along 
the optical axis 100, a positive subgroup A 12 and a negative 
subgroup A, 3 . The lens group A ( bends the ray 102 



toward the optical axis 100 so that the height b of the ray 102 as 
it exits the negative subgroup A l3 is reduced. For this reason, the 
optical path of the ray 102 is easily blocked by a mirror M 2 
placed after the negative subgroup A l3 . 

The present invention avoids this problem. With reference 
to FIG. 1, a ray 202 from a location on a reticle R a distance d 
from an optical axis 200 is incident to a lens group A, 
comprising, in order from the reticle R, a first negative subgroup 
A n , a positive subgroup A 12 , and a second negative subgroup 
A )3 . The first negative subgroup A n bends the ray 202 away 
from the optical axis 200. The positive subgroup A 12 then bends 
the ray 202 towards the optical axis 200. The height a of the ray 
202 exiting the second negative subgroup A 13 is thus increased 
in comparison with the prior-art system of FIG. 7, thereby 
reducing the likelihood of obstruction of the ray 202 by a mirror 
M 2 . 

Because rays from the reticle R are more distant from the 
optical axis 200, the lens group A t of FIG. 1 reduces the 
possibility of obstruction of rays from the reticle R by the mirror 
M 2 . Optical systems using such lens groups can be more compact 
and provide enhanced image quality in comparison with prior-art 
optical systems. 

FIG. 2 shows a first example embodiment of the invention. 
The first example embodiment provides a catadioptric projection 
system that projects a demagnified image of a circuit pattern 
from an illuminated region 221 (FIG. 2(a)) of a reticle R onto a 
semiconductor wafer W. The illumination region 221 is 
illuminated by an illumination optical system, not shown in FIG. 
2. Such a projection system can project a pattern onto other 
substrates as well, such as a glass panel for a liquid crystal 
display, and it is apparent that the invention is not limited to 
systems for projecting circuit patterns onto semiconductor 
wafers. (Thus, it will be understood that "wafer" as used herein 
encompasses any of various appropriate substrates onto which an 
image, defined by the reticle R, can be projected.) In the 
example embodiments presented herein, the optical projection 
systems are intended for use at wavelengths around 193nm but 
it will be apparent that the invention is also applicable to other 
wavelengths. 

The optical projection system (FIG. 2(b)) of the first 
example embodiment comprises a first imaging system A that 
receives light from the illuminated region 221 of the reticle R 
and forms an intermediate image of the illuminated region. The 
optical projection system further comprises a turning mirror M 2 
placed near the intermediate image and a second imaging system 
B that receives light reflected by the turning mirror M 2 . The 
second imaging system B re-images the intermediate image onto 
a corresponding region 231 on the wafer W (FIG. 2(c)). 

The first imaging system A comprises a single-pass lens so 
group A, and a double-pass lens group A 2 . In order from the 
reticle R and along an optical axis 210, the single-pass lens 
group A, comprises a first negative subgroup A n comprising a 
negative lens with a concave surface facing toward the reticle R 
and a positive lens. Continuing along the optical axis 210 from 
the first negative subgroup A u , the single-pass lens group A, 
further comprises a positive subgroup A 12 comprising preferably 
a single positive lens element, and a second negative subgroup 
A 13 comprising a negative lens element with a concave surface 
facing the double-pass lens group A 2 . The second negative 
subgroup A 13 is the closest of the subgroups of the single-pass 
lens group A, to the double-pass lens group A 2 . 

The double-pass lens group A 2 is placed along the optical 
axis 210 and receives light from the single-pass lens group A, 
and directs light to a concave mirror M, of the double-pass 
optical group A 2 , placed on the optical axis 210. The concave 
mirror M t reflects light back through the double- 



pass lens group A 2 . After passing through the double-pass lens 
group A 2 , the light forms an image near the turning mirror M 2 . The 
turning mirror M 2 reflects light from the first imaging system A to 
the second imaging system B. The turning mirror M 2 directs light 
propagating along the optical axis 210 to propagate along an 
optical axis 211 of the second imaging system. 

The second imaging system B comprises, beginning near the 
turning mirror M, and proceeding along the optical axis 21 1, a first 
lens group B, and a second lens group B 2 . An aperture S is placed 
between the first lens group B, and the second lens group B 2 . 

FIG. 3 shows the optical system of the first embodiment in 
detail. For clarity, the folded optical path cau sed by the concave 
mirror M, and the turning mirror M 2 has been unfolded by 
inserting virtual flat mirrors immediately behind the concave 
mirrors M t and the turning mirror M 2 . These virtual mirrors are not 
actually part of the first example embodiment but serve to simplify 
FIG. 3. Such an unfolded representation of a catadioptric optical 
system will be readily understood by persons of ordinary skill in 
the art. 

Table 1 contains specifications for the first example 
embodiment. In Table 1, the first column lists surface numbers, 
numbered from the reticle R to the wafer W. Surface numbers 
relevant to this discussion are specifically denoted in FIG. 3. The 
second, third, and fourth columns of Table 1 list the radii of 
curvature of the optical surfaces (V), surface separations ("d") 
along the optical axis, and the lens material, respectively. The 
fifth column indicates the group number for each of the optical 
elements. Distances are in mm. Some of the surfaces of Table 1 
represent plane mirrors and other planar surfaces used to simplify 
FIG. 3; such surfaces do not represent actual optical elements. 

Table 1 lists the elements of the double-pass lens group A 2 
twice. Surfaces indicated as part of the lens group A 2 are surfaces 
through which pass light propagates immediately after propagating 
through the single-pass lens group A,; the same surfaces through 
which the light propagates immediately after reflection from the 
concave mirror M, are indicated as belonging to the lens group 
A 2 *. As will be apparent, the concave mirror M[ is included only 
once. 

The lenses of the first embodiment are made of synthetic 
fused quartz (SiO^ and fluorite (CaFJ. Axial chromatic aberration 
and chromatic difference of magnification (lateral color) are 
corrected for a wavelength range of ±0. 1 nm about a wavelength 
of 193 nm for use with an ultraviolet excimer laser emitting at a 
wavelength of 193 nm. The Abbe numbers v l93 given are for 
fluorite and synthetic fused quartz at wavelengths of 193 nm ±0. 1 
nm instead of the customary visible wavelengths; the refractive 
indices n are for a wavelength of 193 nm. 

As specified in Table 1 , the optical projection system of the 
first example embodiment provides a demagnification of the 
reticle R on the wafer W of V*, a wafer-side numerical aperture of 
0.6, and covers a span of 76 mm of the reticle R. 



TABLE 1 


(First Example Embodiment) 




Lens Material Properties 


Material 


Index of Refraction Abbe Number 




(n) v lM 


Fused Quartz 


1.56019 1780 


(SiOJ 




Fluorite 


1.50138 2550 


(CaF,) 





# 
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Optical System Specifications 

Surf. 



No. 
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Material 
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13 




0 
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Si0 2 
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350.20343 
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502.28185 


22.5000000 


Si0 2 


A 2 
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1917.58499 


72.939269 
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25.920000 


CaF 2 


A 2 


28 
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45.000000 
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SiC^ 
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(M,) 
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47 


-350.20343 


1 6.20000 


StO! 
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Si0 2 


V 
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SiO, 


B, 
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Bi 
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SiO : 


B, 
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SiOj 


B, 
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SiOj 


B, 


70 
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B, 
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B* 
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SiOj 


Bj 
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Bj . 


83 
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B, 
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Bj 
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FIG. 4 provides graphs of transverse aberrations of the first 
example embodiment for several values of image height Y at three 
wavelengths. As is apparent from FIG. 4, the transverse aberrations 
are well-corrected even at the full numerical a perture. 



- inffie'first example embodiment, the optical projection system 
does not project the entire reticle R onto the wafej/W in a single 
exposure. Rather, as shown in FIG. 2(a), an illuminated region 221 
of the reticle R is projected onto a corresponding exposure region 
231 on the wafer W (FIG. 2(c)). In thenirst embodiment, the 
illuminated region 221 is rectangular, J70 mm long and 24 mm 
wide. The length of the illuminatedjregion 221 is symmetrically 
placed with respect to a line 222 perpendicular to the optical axis 
210. / 

The width of the illuminated region 221 is such that the 
illuminated region 221 extendsorom 52 mm to 76 mm from a line 

__223^. (>^ri>gndi£ul^_t th e_ o p t ic al ,ax i s, 2 1 0 . 

The pattern from the entire reticle R is transferred to the wafer 
W by synchronously scanning both the reticle R and the wafer W 
during exposure of the wafer W, Arrows 241, 242 indicate the scan 
directions for the reticle R and the wafer W, respectively. It will be 
apparent that other shapes and sizes of the illuminated region can be 
used. 

" In iHe firsrexampIe' J embodimerit,' trie turnirjg" mirror M 2 so 
receives light reflected by the concave m\npfm x and directs the 
light to the second imaging system B. The^nvention also provides 
an alternative arrangement in which tfje'turning mirror M 2 receives 
light from the single-pass lens gro/tp and directs the light to the 
double-pass lens group and the concave mirror M,. Light reflected 
by the concave mirror M 2 thefl propagates directly to the second 
imaging system without reflection by the turning mirror M,. In the 
first example embodiment and in such a modification of the first 
example embodimentythe fuming mirror M, thus separates light 
propagating from the double-pass optical group A, and light 



propagating.to_the/ouble-pass_op tical g rou p A v _ 

A second example embodiment ofjtie invention is shown in 
FIG. 5. The optical projection systemxff FIG. 5 is similar to that of 
the embodiment of FIG. 2. Light^from an illuminated region 321 
(FIG. 3(a)) of a reticle R is directed to, beginning nearest the reticle 
R and along an optical axis 310, a single-pass lens group A, 
comprising a first negative subgroup A,,, a positive subgroup A t2 



egative 



and a second negative subgroup A 13 . After ttie second negative 
subgroup A, 3 , a turning mirror MO reflecis the light along an 



Op ^ 1 

I A V w ff \ group A 2 and is reflected by the concave mirror M, bac 

*\ sjQ the double-pass lens group Ayto a turning mirror 

* intermediate image of the illuminated region 321 is formed near 



° r lJI — ° / ° 

optical axis 311 of a double-pass lens'group A 2 including a 

concave mirror Ml. Light is transmitted by the double-pass lens 

group A 2 and is reflected by the concave mirror M, back through 

M,. An 



Ml 



J^eJurning t mirxQr_M- ^ 



CThe turning mirror M 2 directs the light from the illumi-nated 
region of the reticle R along the optical axis 310 which is an 
optical axis of the second imaging system B as well as of the 
single-pass lens group A r The second imaging system B 
receives light from the turning mirror M 2 and re-images the 
intermediate image onto a corresponding region 331 on the 
wafer W. As will be apparent, the second embodiment differs 
from the first embodiment in that the turning mirror M 0 is 
placed between the single-pass lens group A, and the double- 
pass lens group A,. The turning mirror M 0 permits the reticle R 
and the wafer W to be in parallel planes. As shown in FIG. 5, 
the reticle R and the wafer W are along the same optical axis 
312. ^ 

With reference to FIG, 6, an optical system according to 
a third example embodiment of the invention differs from 
the first embodiment in that a turning mirror M 3 is placed 
between the first lens group B, and the second lens group B 2 of 
the second imaging system B. As a result of the reflection by 
the turning mirror M 3 , the optical system of the third example 
embodiment transfers a pattern from an illuminated region 421 
of the reticle R (FIG. 6(a)) to the wafer W wherein the reticle R 
and the wafer W are in parallel planes. Unlike the second 
example embodiment, the wafer W and the reticle R of the 
third example embodiment are on separate optical axes 401, 402 
of the first imaging system A and the second lens group B 2 of 
the second imaging system B, respectively. 

In the third example embodiment, the turning mirror M 2 
receives light reflected by the concave mirror Mj and directs 
the light to the second imaging system B. The invention also 
£Q provides an alternative arrangement in which the turning mirror 

p=j M, receives light from the single-pass lens group and directs 

~.Z the light to the double-pass lens group and the concave mirror 

W M r Light reflected by the concave mirror M, then propagates 

directly to the second imaging system without reflection by 
the turning mirror M,. 

The first, second, and third example embodiments are 
similar to each other, but differing in respect to the number 
and placement of turning mirrors. Therefore, these example 
embodiments provide the same image quality. 

In each of the example embodiments described above, the 
single-pass lens group A, comprises a first negative subgroup, a 
positive subgroup, and a second negative subgroup. The 
catadioptric projection systems of this invention are readily 
miniaturized with no loss of image quality. While FIGS. 2, 5, 
and 6 show a scanning exposure of the wafer W, the catadioptric 
projection systems of this invention can also be used for full- 
field exposure. 

The catadioptric projection systems of the present invention 
include several other favorable characteristics. First, a turning 
mirror (or a beamsplitter) can be placed near the intermediate 
image, thereby reducing the size of the turning mirror. Second, 
unlike conventional catadioptric projection systems that allow 
light reflected by a mirror to overlap with the incident light 
(which makes placement of the aperture S difficult), the 
catadioptric projection systems of the present invention allow the 
aperture S to be placed in the second 
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